Nitrogen deficiency promotes lipid formation in many microalgae, but also limits growth and lipid productivity. In spite of numerous studies, there is poor understanding of the interactions of growth and lipid content, the time course of lipid accumulation and the magnitude of nitrogen deficiency required to stimulate lipid formation. These relationships were investigated in six species of oleaginous green algae, comparing high and low levels of deficiency. Nitrogen stress typically had disproportionate effects on growth and lipid content, with profound differences among species. Optimally balancing the tradeoffs required a wide range in nitrogen supply rate among species. Some species grew first and then accumulated lipids, while other species grew and accumulated lipids concurrently which resulted in increased lipid productivity. Accumulation of high lipid content generally resulted from a response to minimal stress. The data highlight the tremendous biodiversity that may be exploited to optimally produce lipids with precision nitrogen stress.
Introduction
Microalgae have been recognized as a potential source of lipids for multiple outlets. This is because some algae can accumulate energy-dense neutral lipid (triacylglycerides or TAG). TAG can be chemically extracted and simply converted to fatty acid methyl esters (FAME), or biodiesel. For this reason-in the worldwide quest to increase use of renewable biofuels-there is currently focus on algae as a biodiesel feedstock (Brennan & Wijffels & Barbosa, 2010). Environmental stress has been shown to elevate the production of lipid bodies containing TAG (Thompson, 1996) . Synthesizing dozens of reports, Hu et al. (2008) calculated an average algal lipid content of ~46% in stress conditions; several high lipid content values, from 70 to 90%, were reported. The primary stress applied to the algae was N deficiency.
In N sufficiency, the molar rate of photosynthetic C fixation is seven to 10 times the rate of N assimilation, which is a suitable ratio of the elements for synthesis of essential Ncontaining cellular components. In the initial phases of N deficiency-before photosynthetic capacity is significantly diminished-C fixation may exceed C demands for N assimilation and excess C may be diverted into storage compounds, such as lipids and carbohydrates. As storage compounds accumulate due to N deficiency, the growth rate is diminished. When N is resupplied, the energy and C from storage compounds is used, in part, for N assimilation, until photosynthetic capacity is restored (Turpin, 1991) .
If N deficiency is to be an effective tool for the production of algal lipids, we must have a thorough understanding of the resulting tradeoff between growth and lipid accumulation. The executive summary of the Aquatic Research Program (Sheehan et al., 4 1998 )-a nearly two decade effort supported by the U.S. Department of Energy to develop biofuel from algae-stated that "The common thread among the studies showing increased oil production under stress seems to be the observed cessation of cell division…The increased oil content of the algae does not lead to increased overall productivity of oil. In fact, overall rates of oil production are lower during periods of nutrient deficiency." The validity of this claim is important for the future prospects of algal biodiesel, because culturing either many cells with low lipid content (nutrient replete conditions) or few cells with high lipid content (severe nutrient stress), will not result in an economically viable biodiesel feedstock. High biomass density (growth) is needed to increase yield per unit culture area and high lipid content is needed to reduce processing costs per unit of biomass product (Griffiths & Harrison, 2009 ). Achieving the best economic scenario will require the proper balance of growth and lipid content.
Two trends in the biofuels-related algae literature, which are evident in the articles reviewed by Griffiths and Harrison (2009) and Hu et al. (2008) , illustrate that the need to balance growth and lipid content has not been appreciated. The first is the common comparison of lipid productivity in N-deficient conditions to productivity in N-replete conditions. This comparison implicitly makes the assumption that the relatively stable production of structural phospholipids and glycolipids is an appropriate benchmark for the productivity of storage lipids. The second is that reports of high lipid content are often observed in stressful cultural conditions that severely limit growth. Even large increases in lipid content will not pay off energetically or economically if growth is severely reduced.
Little is known quantitatively about the interactions of growth and lipid content, the time course of lipid accumulation and the magnitude of nitrogen deficiency required to 5 stimulate lipid formation. The objective of this study was to investigate these relationships in six species of oleaginous green algae, comparing high and low levels of N deficiency.
We sought to identify physiological characteristics among the algae that lead to the highest productivity of high-lipid content biomass. We also sought to compare lipid production dynamics with batch and semi-continuous cultural techniques.
2 Materials and Methods 2.1 Batch Culture Studies: Experimental design and setup are described here; apparatus, species and measurement details are described in the sections that follow. These studies were designed to track the progress of physiological changes to N deprivation in six species of green algae, with two N treatments-low N stress and high N stress (higher N supply and lower N supply, respectively). Daily measurements were facilitated by running 12 replicate cultures per N treatment in air-lift, glass bioreactors and harvesting one daily, a form of trend/regression analysis. For each species, culture growth was started by filling the 12 reactors with media and 100 mL of axenic inoculation culture to a 1.2 L volume. Daily measurements of cellular N and lipid content were taken on harvested biomass. Dry mass density was measured daily during the dark period on every reactor. Solution N concentration was measured daily during the dark period only on the reactors to be harvested on a given day. were converted to dry mass densities by relationships developed individually for each species. Dry mass was determined by filtering 10 mL suspensions of algae with Whatman GF/C filters that were dried for one to two days at 105˚C. Virtually all increases in dry mass are necessarily due to photosynthetic production, whether in the form of lipids or 9 cellular components. This work focused on photosynthetic production. Cell counts were not made, limiting the ability to make conclusions on rates of cell division.
2.7 Biomass Harvesting and Drying: Cells suspended in media were concentrated for harvest with a Sorvall RC6 Plus centrifuge (ThermoFisher Scientific, Waltham, MA).
Spinning speed and duration varied somewhat among species, depending on pelleting characteristics. Generally, a speed of 7500 rpm for 5 minutes was sufficient for full recovery of the algae. Following centrifugation the biomass was loaded into 15 mL plastic sample vials and frozen at -80˚C. Frozen biomass was freeze-dried with a Labconco Freezone 4.5 freeze-drier (Labconco, Kansas City, MO).
Solution and Cellular Nitrogen Measurements: Samples of algal suspension (3 mL)
were collected from each bioreactor tube daily and filtered with Whatman GF/C filters to monitor N consumption rates and uniformity among replicates. Solution N concentration was measured on a Lachat QuikChem 8500 Automated Ion Analyzer using the total N, inline persulfate digestion, imidazole buffer method that is available from the manufacturer (Lachat Instruments, Loveland, CO). Total C and N in algae were measured by a PerkinElmer Model 2400 CHN analyzer (Waltham, MA).
2.9 Lipid Extraction, Conversion to FAME and Quantification: Simultaneous conversion and extraction of algal lipids to fatty acid methyl esters (FAME) was done by the method of Wahlen et al. (2011) . This method effectively converts to FAME the fatty acids contained in membrane phospholipids and glycolipids, as well as free fatty acids and storage lipid 10 triglyceride. The lipid or FAME content of 100 mg freeze-dried algal samples was determined with a gas chromatograph (Model 2010, Shimadzu Scientific, Columbia, MD) equipped with a programmable temperature vaporizer (PTV), split/splitless injector, flame ionization detector (FID) (GCMS-QP2010S, Shimadzu Scientific, Columbia, MD), and autosampler. Analytes were separated on an RTX-Biodiesel column (15 m, 0.32 mm ID, 0.10 µm film thickness, Restek, Bellefonte, PA) using a temperature program of 60˚C for 1 min followed by a temperature ramp of 10˚C per minute to 360˚C for 6 min. Constant velocity of helium as a carrier gas was set at 50 cm s -1 in velocity mode. Sample sizes of 1 µL were injected into the PTV injector in direct mode that followed an identical temperature program to that of the column. The FID detector was set at 380˚C. Each sample contained octacosane (10 µg mL -1 ) as an internal standard. FID detector response to FAME was calibrated using methyl tetradecanoate (C14:0), methyl palmitoleate (C16:1), and methyl oleate (C18:1) at concentrations ranging from 0.1 mg mL -1 to 1 mg mL -1 and tripalmitin at concentrations ranging from 0.05 mg mL -1 to 0.5 mg mL -1 . Standards were obtained as pure compounds (Nu-Chek Prep, Inc., Elysian MN) and were diluted with chloroform to obtain the needed concentrations. A standard (GLC-68A, Nu-Chek Prep, Inc.) containing methyl esters ranging from methyl tetradecanoate (C14:0) to methyl nervonate (C24:1) was used to identify the retention time window for FAME peak integration. Peaks within this region were integrated using GC solution postrun v. 2.3
(Shimadzu) and concentrations were determined by linear regression analysis. 
Growth and Lipid Content Tradeoffs in Batch Culture
Nitrogen stress generally had disproportionate effects on growth and lipid content, with profound differences among species (Figure 1) . Conceptually, the organisms can be separated into three categories of response (comparing from low to high N stress): 1) the increase in lipid content exceeded the decrease in growth, resulting in higher lipid content and productivity with high N stress; 2) the decrease in growth exceeded the increase in lipid content, resulting in higher lipid productivity with low N stress and higher lipid content with high N stress; and 3) the increase in lipid content was offset by the decrease in growth,
resulting in approximately equal lipid productivity with high or low N stress but higher lipid content with high stress.
N. oleoabundans and S. dimorphus fell into the first category. In particular, N.
oleoabundans exhibited only a small decrease in growth (-21%) and drastically higher lipid content (100%) with high N stress relative to low. C. vulgaris and C. oleofaciens fell into the second category, with drastic decreases in growth and relatively modest increases in lipid content. This may seem like the case in which N stress was not effective in increasing lipid productivity, but there is another, more appropriate perspective (at least for C. vulgaris and C. oleofaciens). Rather than a high degree of N stress, these species required only a low level of stress to achieve high lipid productivity with relatively high lipid content. With low N stress-where growth was substantially higher-these species were able to accumulate 35 and 40% lipids (only 24 and 17% less than with high stress, respectively). In approximately one-for-one tradeoffs in growth and lipid content, C. sorokiniana and S.
naegelii fell into the third category. If grown as lipid feedstock crops, higher N stress would always be the preferred cultural condition for third category species because of the higher lipid content and thus lower processing costs per unit lipid.
These categories are somewhat arbitrary, as species may be categorized differently depending on the exact N supply rates tested. However, the differences among species 13 identified here may signify differences in N metabolism and/or strategies for handling N deficiency. First category species may have a panic response, making significant physiological sacrifices to generate adequate lipids to supply energy and C needs for times of hardship. N. oleoabundans, a first category species, was apparently first isolated in an arid, sand dune environment in Saudi Arabia (Chantanachat & Bold, 1962 ) and would be expected to have adaptations for managing prolonged periods of resource scarcity. In the event of N deficiency, second category species may directly divert energy and C intended for growth into lipids. In third category species, cellular function and thus growth may be particularly sensitive to severe N deficiency; when N deficiency is less severe, the photosynthetic mechanism may be functioning and capable of high rates of lipid production. Table 1 These data allow a clearer picture of differences among oleaginous green algal species in their growth and lipid content responses to N stress. The data indicate that optimally balancing lipid content and growth tradeoffs required a wide range in nitrogen supply rate among species-lower levels of stress for some, higher for others. In general, the species that accumulated the highest lipid content were the species that responded to the least stress.
A response to minimal N stress was less well correlated to high rates of lipid productivity, however, due to species differences in growth cessation with stress. There was a three-fold variation among species in the cellular N content at which growth stopped, from ~1% to 3% N. The algae that stopped growing with higher cellular N presumably employed a more conservative growth strategy, to preserve their physiological state at a higher level of function (e.g. maintenance of higher cellular protein concentrations). But early cessation of growth resulted in stalled rates of lipid productivity, and not all species continued to accumulate lipids in the stationary phase. With a finite supply of N as in batch cultures, where cellular N decreases with growth, the range in cellular N over which lipid accumulation occurred is proportional to the amount of growth and lipid accumulation that occurred concurrently. Among the six species in this study, those that exhibited the highest values of lipid productivity were the species in which there was more concurrent growth and lipid accumulation. This trend is evident by comparing lipid productivities in Table 1 with the ranges in cellular N where lipids accumulated in Figure 2 . At the extremes, some algae grow first and then accumulate lipids, while other species grow and accumulate lipids at the same time.
Comparing C. sorokiniana-which grew and then accumulated lipids-and N.
oleoabundans-which grew and accumulated lipid concurrently-illustrates the large impact these timing characteristics have on lipid productivity (Figure 3a 
Conclusions
Nitrogen stress generally had disproportionate effects on growth and lipid content, with tremendous differences among species. A wide range among species in N supply rate was required for optimal production of high-lipid content biomass. Concurrent growth and lipid accumulation resulted in increased lipid productivity. The most promising biodiesel feedstock organisms will combine this characteristic with the ability to accumulate high lipid content, which typically occurred in species that accumulated lipids in response to minimal N stress. Batch culture is more effective than semi-continuous culture for optimizing growth and lipid content tradeoffs, even for species requiring the least N stress.
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